Au-Ge-based alloys are potential substitutes for Pb-rich solders currently used for high-temperature applications. In the present work, the wetting behavior of two Au-Ge-X (X = Sb, Sn) ternary alloys, i.e., Au-15Ge-17Sb and Au-13.7 Ge-15.3Sn (at.%), in contact with Cu and Ni substrates has been investigated. Au-13.7Ge-15.3Sn alloy showed complete wetting on both Cu and Ni substrates. Total spreading of Au-15Ge-17Sb alloy on Cu was also observed, while the final contact angle of this alloy on Ni was about 29°. Pronounced dissolution of Cu substrates into the solder alloys investigated was detected, while the formation of Ni-Ge intermetallic compounds at the interface of both solder/Ni systems suppressed the dissolution of Ni into the solder.
INTRODUCTION
Au-Ge-based alloys have recently become of interest as potential lead-free solders for hightemperature applications. [1] [2] [3] [4] The Au-Ge phase diagram shows the existence of a simple eutectic at 634 K. 5 Besides, Au-Ge-based alloys also possess many interesting properties which are required for high-temperature solders: better thermal conductivity than currently used high-lead-content solders, 6 good corrosion and oxidation resistance in the presence of high humidity at elevated temperatures, tendency for glass forming 7 which eases production of thin foils that are much more convenient to be applied than paste in many applications, low natural radius of curvature for use in miniaturization industry, and excellent biocompatibility and workability for environmental and health considerations.
On the other hand, addition of elements with low melting points, such as Sb, Sn or In, to the Au-Ge eutectic alloy leads to a further decrease of the melting point. 1, 8, 9 In particular, addition of Sb to the Au-Ge eutectic substantially improves its ductility. 1 The wetting performance of solder alloys is very important, since it directly affects the integrity of solder interconnections. Study of wetting behavior is not only an important step in the characterization of solder alloys but also provides basic physicochemical data for design and development of novel lead-free solder alloys. However, rather limited information on the wetting behavior of Au-Ge-based alloys on relevant substrates is available. The wettability of Au-Ge alloy on SiC and Be substrates has been studied by Wang et al. and Gilliland, respectively. 10, 11 Strong wetting of Au-Ge eutectic alloy on Cu and Ni has been recently reported by Leinenbach et al. 12 Wetting tests performed using Ag-AuGe solder alloys in contact with Ni substrate 13, 14 revealed good wettability and interfacial bonding. However, no information is available on the wettability of other Au-Ge-based ternary solders so far.
The development of computational thermodynamics has accelerated the materials design process. In our previous work, 8, 9 the Au-Ge-Sb and Au-Ge-Sn ternary systems were thermodynamically assessed using the CALculation of PHAse Diagram (CALPHAD) method. 15 Figures 1 and 2 show the calculated Au-Ge-Sb and Au-Ge-Sn liquidus projections from Refs. 8 and 9, respectively. Some alloy compositions appear to be very promising in terms of their low melting temperatures, e.g., compositions around the ternary eutectic point [reaction: L M (Au) + (Ge) + AuSb 2 ] in the Au-Ge-Sb system with a calculated melting temperature of 560 K and the compositions around the ternary quasiperitectic point [reaction: L + D024 M (Ge) + hcp_A3] in the Au-GeSn system with a calculated melting temperature of 608 K. Table I lists the calculated temperatures of the two above-mentioned invariant reactions and their compositions together with reported data from literature. 16, 17 Since there is only a slight difference, we selected two ternary Au-Ge-based alloys, i.e., Au-15Ge-17Sb and Au-13.7Ge-15.3Sn (at.%), whose compositions correspond to the invariant points reported in the literature, as our alloys of interest.
In the present work, the wetting behavior of Au-15Ge-17Sb and Au-13.7Ge-15.3Sn (at.%) alloys in contact with Cu and Ni substrates has been investigated, followed by microstructural characterization of the interfaces.
For the sake of simplicity, the notation ''AuGeSb'' and ''AuGeSn'' is used to indicate the Au-15Ge-17Sb and Au-13.7Ge-15.3Sn (at.%) alloys, respectively.
EXPERIMENTAL PROCEDURES

Materials and Specimen Preparation
Alloy samples of 1 g were produced from pure components Au, Ge, Sb (99.999 wt.%), and Sn (99.9995 wt.%; materials supplied by Alfa Aesar, Karlsruhe, Germany) by arc-melting under a purified argon atmosphere (99.999%) using a nonconsumable tungsten electrode. All samples were melted six times and inverted three times to ensure homogeneity. In order to have a clean atmosphere during melting, a piece of pure Ti was firstly melted, acting as an oxygen getter. In addition, an oxygen removal cartridge in the argon line was used. Since the weight loss during melting was less than 0.4 mass%, quantitative chemical analysis of the alloys was not conducted. Afterwards, the samples were cut into four pieces: one was used for the wetting test, another one for differential scanning calorimetry (DSC) measurements, and two as standbys.
Platelets with size of 10 mm 9 10 mm 9 0.6 mm were produced by laser cutting from pure Cu and Ni sheets (99.99 wt.%; Alfa Aesar, Karlsruhe, Germany). The surface roughness of all platelets was R a = 0.03 lm, measured on a length scale of 4.8 mm. Prior to all tests, the platelets were degassed in a Torvac high-vacuum furnace (Cambridge Vacuum Engineering Ltd., Cambridge, UK) at 1073 K and under pressure of 2 9 10 À4 Pa for 1 h. Afterwards, they were ultrasonically rinsed in ethanol and acetone and dried in air.
DSC
Solidus and liquidus temperatures were determined by differential scanning calorimetry (DSC) using a Netzsch DSC 404 F3 Pegasus with open alumina crucibles. The DSC cells were calibrated using the melting temperatures of the pure elements Sn, Bi, Al, In, Ag, and Au. The samples were polished and cleaned just before being measured in order to improve thermal contact and to avoid spurious or shifted transition peaks due to oxidation. Before each experiment, the DSC cell was evacuated three times and refilled with high-purity argon. Measurements were performed under continuous flow of argon at scanning rate of 10 K/min for both heating and cooling. For each sample two heating/ cooling cycles were performed.
Wetting Tests
The wetting behavior was evaluated by contact angle (h) and drop dimension (height and base diameter) measurements using the sessile drop technique. 18 Experiments were carried out in a specially designed furnace, 19 which is made of two concentric horizontal alumina tubes connected to a high-vacuum system. The pressure inside the inner tube can be kept at less than 10 À4 Pa using a turbomolecular pump. Alternatively, controlled atmospheres can be introduced inside the working chamber. The oxygen partial pressure of the working atmosphere is continuously monitored by solid-state oxygen sensors at the chamber inlet and outlet. All measurements were performed at T = 643 K under a reducing atmosphere of Ar/5 vol.% H 2 mixture. To establish the effects of addition of a third component, the temperature was chosen the same as that of our previous wetting experiments with eutectic Au-Ge. 12 To prevent oxidation phenomena with an ''oxygenfree'' atmosphere, a Zr foil placed over the liquid alloy sample was used as a getter to further reduce the oxygen content in the surrounding atmosphere. The wetting specimens were introduced into the preheated furnace by a magnetically operated push-rod only after all parameters (temperature and oxygen partial pressure) had reached equilibrium; complete melting occurred in about 30 s. The solder alloy was rested on a perfectly leveled substrate, and the dropsubstrate couple was recorded in sharp, back-lit images using a high-resolution charge-coupled device (CCD) camera and processed with ASTRAView software 20, 21 in LabVIEW environment. The drop-substrate profile was acquired with precision of ±1 lm through careful determination of the magnification factor, while the contact angle data were evaluated with accuracy of ±0.5°. All contact angle values reported represent averages of the left and right contact angles, which differed by less than 2%. After the tests, the samples were moved into the colder part of the experimental apparatus, and cooled down to room temperature.
Characterization Techniques
After the wetting tests, cross-sections of the solder-substrate specimens were prepared using standard metallographic methods. The microstructures were investigated by scanning electron microscopy (SEM). All SEM images shown in this work were taken in backscattering (BS) mode. The compositions of the phases in the vicinity of the reaction interfaces were analyzed by energy-dispersive x-ray spectroscopy (EDX).
In addition, microhardness measurements were conducted on the cross-sections of the soldersubstrate specimens using Fischerscope HM2000 equipment at room temperature. On each sample, Vickers microindentations were made at areas of bulk substrate (Ni and Cu) and solder-substrate interface. Special attention was paid to set properly the indenter for the defined specimen surface (bulk substrate, drop-substrate interface). An optimum load value of 5 mN was chosen and applied to all the samples for 10 s.
RESULTS AND DISCUSSION
Solidus and Liquidus Temperatures
DSC measurements were carried out on as-cast samples of AuGeSb and AuGeSn alloys. The temperatures of thermal effects in both heating cycles were in good agreement with each other. Phase transformation temperatures were taken from the heating curve. For comparison, solidus, liquidus, and invariant reaction temperatures of both alloys investigated were also calculated using the CALP-HAD method. The thermodynamic parameters of the Au-Ge-Sb and Au-Ge-Sn ternary systems were taken directly from literature, 8, 9 and the calculation was performed using Thermo-Calc Ò software.
22 Table II summarizes some results of the present work: the solidus, ternary invariant reaction, and melting temperatures obtained from thermal analysis, CALPHAD calculation, and literature data. 16, 17 An invariant reaction at temperature of 588 K was found for the AuGeSb alloy (Table II) , corresponding to the solidus temperature. However, this is 27 K higher than the value reported in Ref. 16 . The value reported by Zwingmann 16 was determined using differential thermal analysis (DTA) with cooling rates of approximately 19 K/min at 873 K and 8 K/min at 573 K, while the phase transformation temperatures obtained here were taken from the heating curve. The difference between our DSC result and the literature data can be attributed to the undercooling effect, since significant undercooling was observed during DSC measurements. On the other hand, the melting temperature of the AuGeSb alloy obtained in the present work is 607 K. The corresponding phase transformation temperatures calculated using the CALPHAD method show that the AuGeSb alloy experienced first an invariant reaction at 560 K, which agrees well with the literature data 16 since the assessment of the Au-Ge-Sb system 8 was based on this data. Later, the AuGeSb alloy completely melted at 640 K, while only one phase transformation occurs according to the literature. 16 This is most likely due to the deviation of the calculated liquid composition from the actual invariant reaction composition for the invariant reaction L M (Au) + (Ge) + AuSb 2 (Table I ).
In the case of the AuGeSn alloy, the present DSC measurements indicate the solidus (i.e., invariant reaction) and liquidus temperatures to be T = 540 K and T = 633 K, respectively (Table II) . It is interesting to notice that the ternary eutectic reaction E1, L M (Ge) + hcp_A3 + AuSn, reported by Redlich and Kister, 17 has the same temperature (540 K) as we obtained by DSC for the AuGeSn alloy. CALPHAD calculations show that the (Ge) phase precipitates first from the AuGeSn liquid alloy. During cooling, the quasiperitectic reaction L + D024 M (Ge) + hcp_A3 occurs at 604 K, and at the end the alloy solidifies completely through a ternary eutectic reaction [L M (Ge) + hcp_A3 + AuSn] at 540 K. However, in the present DSC experiment, only one invariant reaction was observed, which should be the ternary eutectic reaction L M (Ge) + hcp_A3 + AuSn, as suggested by Redlich and Kister. 17 The quasiperitectic reaction L + D024 M (Ge) + hcp_A3 reported in Ref. 17 was not observed in the AuGeSn alloy investigated here. It should be noted that the quasiperitectic reaction composition 17 was deduced from the measured vertical sections, where the uncertainty is large. The deviation of the alloy composition from the actual quasiperitectic reaction composition may lead to a different solidification path, which could explain the difference between the present DSC results and the literature data. 17 
Wetting Behavior
The wetting characteristics of the Au-Ge-X (X = Sb, Sn)/Cu and Au-Ge-X (X = Sb, Sn)/Ni systems were determined under isothermal conditions at temperature of T = 643 K for 30 min.
Au-Ge-XðX ¼ Sb; SnÞ=Cu
The change of the contact angle, h, at T = 643 K as a function of time for the Au-Ge-X (X = Sb, Sn)/ Cu system is shown in Fig. 3 . The wetting behavior of the AuGeSb and AuGeSn alloys in contact with Cu substrate is similar. The systems are characterized by initial contact angle values of about 65°a nd 75°, respectively. After melting, the contact angle of the AuGeSb/Cu system decreased quickly and reached h % 5°within 3 min, while in the case of AuGeSn/Cu, a sharp drop to h % 5°was observed after 1.5 min. In both cases, the spreading was complete as the liquid phases wetted the underlying substrate perfectly.
The rate of change of the contact angle as a function of time was higher in the AuGeSn/Cu system in comparison with that observed for the AuGeSb/Cu system (Fig. 3) . Later, in both systems the liquid phase spread completely over the substrate, and thus the completely wetting liquid forms a zero contact angle (h = 0°). It should be noted that, when the contact angle drops below 10°, image analysis software cannot provide reliable data since the height of the drop is too low and it is difficult to identify the triple line accurately. Compared with the wetting of Au-Ge eutectic binary alloy on Cu, 12 addition of Sb and Sn further improved the wettability by solder alloys.
Metallographic examination of the AuGeSb/Cu and AuGeSn/Cu systems, for both the bulk alloy and the interface, were performed by SEM/EDX analysis. The top-view morphology of a solidified AuGeSb droplet on Cu substrate is shown in Fig. 4a . A white ''strip'' with composition of Au-38.6Cu-5Ge (at.%) surrounds the droplet. Towards the center of the droplet, the presence of the Au-35.5Cu-5.5Ge (at.%) phase (''round'' patterns), dispersed on AuSb 2 -based matrix phase (Au-61.7Sb-2Cu, at.%), was observed. A mixture of AuSb 2 -based phase (Au-61Sb-1.2Ge-0.6Cu, at.%), (Ge) phase, and Au-24Cu-4Ge (at.%) phase was found at the center of the droplet. Similarly, in the AuGeSn/Cu system, a ''strip'' with composition Au-63Cu-5Ge-3Sn (at.%) was identified around the AuGeSn droplet, as shown in Fig. 4b . A homogeneous morphology with large granular (Ge) phase, Au-20Cu-11.5Sn (at.%) matrix phase, and a small amount of AuSn (Au-46Sn, at.%) phase was observed in the bulk alloy. The interface microstructure of the AuGeSb solder on Cu substrate is shown in Fig. 5a . The formation of three thin reaction layers (each of about 1 lm) at the interface can be seen in the enlarged area in Fig. 5a . According to the EDX analysis, the compositions of layer 1, layer 2, and layer 3 are Au-62Cu-8Ge-2Sb (at.%), Au-72Cu-5Ge-6Sb (at.%), and Au-82Cu-3Sb (at.%), respectively, showing an increase of Cu content towards the Cu substrate. It should be pointed out that the identified compositions might have some uncertainties due to the small thickness of the interfacial layers. Since no further phase analysis, e.g., micro x-ray diffraction, was performed, the structure of the reaction layers remains unclear. According to the Au-Cu binary phase diagram, 5 they could be the low-temperature ordered phases AuCu(L1 0 ) and AuCu 3 (L1 2 ) with some solubility of Sb and Ge elements.
In the solder alloy, three phases with different contrast were observed. The white matrix phase has composition of Au-31Cu-6Ge (at.%), which corresponds to the low-temperature Au 3 Cu ordered phase according to the Au-Cu phase diagram. 5 However, literature [23] [24] [25] shows that direct experiments below the order-disorder transition temperature T c % 513 K are difficult because the diffusion rates are very low and even the best ordered samples contain significant disorder. Considering that the wetting test was performed at T = 643 K, which is much higher than the order-disorder transition temperature, and that the processing time was relatively short, the structure of the white matrix (Fig. 5a) having composition Au-31Cu-6Ge (at.%) is probably close to a face-centered cubic (fcc) (Au,Cu) solid solution with some solubility of Ge. The compositions of the other two phases, identified in the AuGeSb bulk alloy, are Au-61 at.%Sb (grey area) and pure Ge (dark spots), respectively, corresponding to the AuSb 2 and (Ge) phases (Fig. 5a) .
A cross-section of the AuGeSn/Cu specimen is shown in Fig. 5b . A thin interfacial layer with thickness between 1.7 lm and 2.5 lm and composition of Au-70Cu-11Ge (at.%) is formed between the AuGeSn solder and Cu substrate. According to the phase diagram, 5 this interfacial product may correspond to an AuCu 3 -based low-temperature ordered phase with some solubility of Ge. In the solidified solder alloy, a white matrix with composition Au-20.6Cu-12Sn (at.%), a phase with composition Au-45Sn-1Cu (at.%; grey area), and pure Ge (dark spots) with dendrite morphology were identified. Similarly to the phases revealed in the AuGeSb/ Cu system, the white matrix phase observed in the AuGeSn/Cu system probably has an fcc (Au,Cu)-based structure with approximately 12 at.% Sn. The other two phases identified on the interface are an AuSn-based phase with a small amount of Cu (due to dissolution of Cu substrate) and the (Ge) phase.
Pronounced dissolution of Cu into the liquid solder alloy was detected in both cases, as can be seen from Fig. 6 . The solder drop extended beyond the previous edges of the Cu substrate. Moreover, by EDX analysis, about 31 at.% Cu was found in the bulk alloy (white area) of the AuGeSb/Cu specimen and about 21 at.% Cu in the corresponding bulk phase of the AuGeSn/Cu specimen. The interfacial microstructure was affected by the solubility of Cu in the liquid alloy and by the dissolution of the Cu substrate. Indeed, the solid-liquid interface is not planar, and the formation of a crater (with depth of about 5 lm) under the drop was observed (Fig. 6) . Accordingly, in both cases, h % 5°can be considered as an ''apparent'' contact angle. 12 Au-Ge-XðX ¼ Sb; SnÞ=Ni
The change of the contact angle at T = 643 K as a function of time for liquid Au-Ge-X (X = Sb, Sn) alloys in contact with Ni substrate is shown in Fig. 7 . In the case of the AuGeSb/Ni system, the initial contact angle was about 73°. After 2 min, it decreased to 35°and then slowly reached the final contact angle value of about 29°. For the AuGeSn/Ni system, the initial contact angle of 72°decreased and reached the final value of h = 11°after about 3 min. In addition, during the experiment, the liquid AuGeSn alloy spread totally on the Ni substrate, reaching its edges. The spreading kinetics was slightly slower in the case of AuGeSb/Ni in comparison with AuGeSn/Ni (Fig. 7) . The formation of a layer of AuSb 2 -based phase (Au-58Sb-4Ge, at.%) around the solidified droplet of the AuGeSb alloy was observed together with a discontinuous phase (white spots in Fig. 8a ) with composition of Au-8Ni (at.%) formed at the outer edge of the AuSb 2 layer (Fig. 8a) . This phase was presumably formed during the test rather than upon cooling, as it is solid at the testing temperature (643 K), and its presence at the triple line stopped the movement of the drop: this fact explains why for the AuGeSb/Ni system the contact angle dropped slowly to 29°and the system did not reach total wetting during the tests. (Ge) matrix (dark area) with AuSb 2 -based phase (rectangular patterns) and (Au) phase (needle-like patterns) were formed in the solidified droplet of solder alloy.
A top view of the AuGeSn/Ni system is shown in Fig. 8b . A grey layer with net morphology and an Au-rich zone with composition of Au-4Ni-11Sn (at.%) surround the solidified droplet. Towards the center of the droplet, AuSn phase (round patterns) with composition of Au-45Sn (at.%) forming a net structure and embedded in the Au-3Ni-13.5Sn matrix with large (Ge) grains formed as well. Figure 9a shows a cross-section of the AuGeSb/Ni system close to the triple line. The interfacial structure indicates the presence of interfacial layered compounds of Ni-37.5Ge-2.6Au (at.%) and Ni-49Ge-3Au (at.%) with a characteristic irregular morphology of so-called scallops. The thickness of the first phase is found to be between 0.8 lm and 1.3 lm, while in the case of the Ni-49Ge-3Au (at.%) phase, its thickness varies from 0.8 lm to 2 lm, as shown in Fig. 9b . The estimated average values are obtained by measuring the real thickness at different points along the cross-section.
The layer with composition Ni-49Ge-3Au (at.%) is close to the NiGe compound, while the layer of Ni-37.5Ge-2.6Au (at.%) is based on the low-temperature phase e¢-Ni 5 Ge 3 . It should be noted that a very thin bright layer consisting of many small particles (white patterns in Fig. 9c ) with thickness of less than 0.2 lm was observed next to the Ni substrate. Its detection is beyond the resolution limits of our instruments. The explanation of the formation of those ''white particles'' requires further analysis, such as transmission electron microscopy (TEM). AuSb 2 bulk phase, (Ge), and (Au) were identified in the solder alloy, and their compositions were Au-59Sb-1.5Ge (at.%), pure Ge, and pure Au, respectively (Fig. 9) .
The cross-sectional microstructure of the AuGeSn/ Ni specimen is shown in Fig. 10 . Figure 10a confirms that the AuGeSn solder alloy spread completely and reached the edge of the Ni substrate. Two interfacial reaction products, NiGe-based (Ni-50 Ge-3Au, at.%) and e¢-Ni 5 Ge 3 -based (Ni-38Ge-2.5Au, at.%), are formed between the Ni substrate and liquid AuGeSn solder alloy (Fig. 10b) . The growth of the e¢-Ni 5 Ge 3 phase is rather planar, whereas the interfacial NiGe phase is present as arrays of scallops along e¢-Ni 5 Ge 3 with thickness between 0.7 lm and 3.5 lm. The thickness of the e¢-Ni 5 Ge 3 layer is around 1.5 lm. In the solder alloy, (Ge) dendrites, AuSn (Au-45Sn, at.%), and hexagonal close-packed (hcp) (Au,Sn) matrix (Au-13Sn, at.%) were identified. Close to the edge, a thin white layer, similar to that detected in the AuGeSb/Ni specimen, was observed (Fig. 10c) . Compared with the AuGeSb/Ni system, the difference is that those ''white particles'' were always observed together with the formation of voids. These voids are believed to be Kirkendall voids, being induced through interdiffusion caused by the large difference in diffusivity between the two different species. 26 In contrast to the wetting tests performed on the Cu substrate, where pronounced dissolution of Cu was observed, the presence of Ni was not detected in the bulk solder alloys of either specimen. Indeed, the formation of reactive intermetallic layers having compositions similar to the NiGe and e¢-Ni 5 Ge 3 compounds prevents dissolution of the Ni substrate into the liquid solder. This can be explained by the formation of a continuous layer of intermetallic compound(s) at the solid-liquid interface, and transportation of Ni must occur through this layer by solid diffusion, which is expected to substantially reduce the substrate dissolution rate.
Microhardness
The microhardness data of the bulk substrates (Ni and Cu) as well as the solder-substrate interface for each specimen investigated are given in Table III . Note that the bulk solder alloys have a multiphase microstructure and the interfaces show a multilayer structure. Hence, the microhardness data are the average values in each area.
The interfaces of both AuGeSb and AuGeSn solder alloys in contact with Cu substrate exhibited similar microhardness values, and the same trend was also observed in the case of Ni substrate. Nevertheless, the microhardness of the interface in contact with Ni is much higher than that observed with Cu, indicating the higher hardness of the Ni-Ge intermetallic compounds.
CONCLUSIONS
The wetting behavior of Au-Ge-X (X = Sb, Sn) alloys on Cu and Ni substrates was studied by the sessile drop technique. The examined alloys exhibited excellent wetting on both types of substrate. Total spreading of both alloys on Cu substrate and of the AuGeSn alloy on Ni substrate was observed. The final contact angle of AuGeSb/Ni was around 29°.
Compared with the Au-Ge eutectic alloy, addition of Sb and Sn decreases the alloy melting temperature, preserving the excellent wetting properties. Moreover, microstructure analysis of solder-substrate couples exhibits the formation of very thin interfacial layers, which is beneficial for joint performance since excessive growth of interface layer has a negative influence on electrical and mechanical properties. The obtained results indicate the promising prospect of using AuGeSb and AuGeSn ternary alloys as high-temperature lead-free solders.
